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We	 further	 show	 that	 these	metrics	 can	 detect	 phases	 of	 strong	 compositional	
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1  | INTRODUCTION
Human	modification	of	Earth’s	 ecosystems	has	 led	 to	 altered	biodi-
versity	 in	many	 regions	 of	 the	world,	 across	marine,	 terrestrial	 and	
freshwater	 ecosystems,	 and	 further	 shifts	 are	 expected	 as	 a	 conse-
quence	 of	 rapid	 environmental	 change	 (Sala	 et	al.,	 2000).	 Research	
has	documented	declining	state	variables	of	biodiversity	 such	as	 in-






Science	 and	 policy	 have	 responded	 to	 the	 need	 to	 address	 the	
extent	of	biodiversity	change,	the	drivers	of	this	change	and	its	func-
tional	 consequences.	 Most	 prominently,	 these	 efforts	 have	 led	 to	
the	 formulation	of	 the	Aichi	biodiversity	 targets	under	 the	umbrella	
of	 the	Convention	on	Biological	Diversity	 (CBD),	 aiming	 to	halt	 fur-
ther	 biodiversity	 decline	 by	 2020	 (Tittensor	 et	al.,	 2014).	 Important	
components	 of	 these	 assessments	 are	 international	 agreements	 on	
monitoring	 and	 systematically	 reporting	 the	 status	 of	 ecosystems	
and	 biodiversity	 (Pereira	&	Cooper,	 2006),	which	 in	 Europe	 are	 ex-
emplified	by	the	Water	Framework	Directive	and	the	Marine	Strategy	
Framework	Directive	(Borja,	Elliott,	Carstensen,	Heiskanen,	&	van	de	







globe	 is	 not	 as	 straightforward	 as	 often	 assumed	 (McGill,	Dornelas,	
Gotelli,	 &	Magurran,	 2015).	 Indeed,	 a	 series	 of	 recent	 publications	
synthesising	 time	series	on	biodiversity	change	have	suggested	that	









time	 series,	 likely	 as	 a	 result	of	 global	 change	 leading	 to	 favourable	
conditions	for	multiple	species,	whereas	negative	trends	occurred	only	





On	 the	 surface,	 the	 result	 that	 the	most	 commonly	used	metric	















ness;	 for	 example,	 the	 decline	 of	 long-	lived	 foundation	 species	 and	
their	replacement	by	smaller,	weedy	ones	(Lotze	et	al.,	2006)	may	not	
change	total	species	number,	but	changes	the	identity	of	species	and	
consequently	 the	 functional	 traits	 (structure,	 longevity)	 associated	
to	 these.	 Thus,	 even	 if	 local	 extinction	 is	 balanced	 by	 immigration,	
the	 extinction	 is	 not	 random	with	 regard	 to	 identity	 and	 functional	
performance,	 such	 that	 changing	 composition	will	 have	major	 con-
sequences	 for	 ecosystem	 functioning.	There	 are	many	 tools	 already	
shifts	in	monitoring	data	and	thus	identify	a	different	aspect	of	biodiversity	change	
decoupled	from	species	richness.






K E Y W O R D S
biodiversity	change,	biodiversity	loss,	diversity,	dominance,	human	impact,	monitoring,	richness,	
species	composition,	species	turnover,	time	series
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being	 developed	 allowing	 better	 interpretation	 of	 patterns	 in	 tem-
poral	biodiversity,	 including	scale-	explicit	approaches	and	those	that	
include	 functional,	 phylogenetic	 and	 genetic	 information	 (Hill	 et	al.,	
2016;	Pereira	et	al.,	2013;	Scholes	&	Biggs,	2005).	Rather	than	rein-
venting	such	measures,	which	are	available	for	change	 in	taxonomic	






Monitoring	 agencies,	which	 provide	 the	 primary	 information	 for	
assessing	 biodiversity	 status	 and	 trends,	 face	 the	 inherent	 problem	
of	 how	 to	 detect	 multiple	 aspects	 of	 biodiversity	 change	 and	 how	






In	 the	 following	 sections,	we	 briefly	 summarise	 the	 known	 lim-
itations	 of	 species	 richness	 as	 a	 biodiversity	metric	 in	 general,	 and	
present	 a	 simple	 simulation	 showing	 that	 richness	 trends	 (negative,	
neutral	 or	 positive)	 carry	 incomplete	 information	 on	 biodiversity	
change	and	serve	as	limited	indicators	of	ecosystem	status,	because	a	
directional	change	in	environmental	quality	does	not	necessarily	lead	






1.1 | Trends in richness do not capture 
biodiversity change
Biodiversity	 is	 a	 multifaceted	 construct,	 comprising	 genetic,	 taxo-
nomic,	 phylogenetic	 and	 ecological	 components.	 Unfortunately,	 a	
single	 facet	 of	 biodiversity,	 species	 richness,	 has	 become	 the	most	
dominant	measure	 of	 biodiversity	 and	 its	 change	 (Appendix	 S1),	 as	






















Second,	 at	 any	given	 scale,	 species	 richness	estimates	vary	with	













species	 compositional	 turnover,	which	 can	 be	 a	 strong	 indicator	 of	



























In	 a	 monitoring	 context,	 it	 is	 important	 to	 acknowledge	 that	
such	expected	 increases	or	decreases	 in	species	 richness	would	not	
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necessarily	be	seen	until	 the	system	reached	equilibrium,	which	can	
take	a	 long	 time	or	may	not	occur	at	 all	 in	 a	 continuously	 changing	
environment.	During	the	transient	phase	towards	an	increase	or	de-
crease	in	equilibrium	species	richness,	the	differential	rates	in	which	











These	 considerations	 are	 highly	 relevant	 for	 monitoring	 bio-
diversity	 change,	which	 often	 is	 explicitly	motivated	 by	 a	 need	 to	
	assess	 the	 impact	of	human	actions	on	biodiversity	or	 the	 success	
of		ecosystem	management	and	restoration.	In	cases	with	extinction	
debt	or	 immigration	 credit,	 short-	term	changes	 in	 species	 richness	
(stasis,	increase	or	decrease)	can	be	uncorrelated	with	the	long-	term	
expected	 changes	 in	 equilibrium	 species	 richness	 in	 the	 system.	
We	provide	a	 simple	simulation	describing	 three	 relevant	biodiver-







tinction	 rates	 rather	 than	a	new	equilibrium	state	of	biodiversity	 if	
the	assessment	period	is	short	in	relation	to	the	time-	lag.	But	even	




to	 monitor	 biodiversity	 trends,	 because	 the	 observed	 positive	 or	
negative	 trends	 do	 not	 allow	 for	making	 inferences	 on	 the	 quality	




1.2 | Establishing a framework for measuring and 
interpreting biodiversity trends
To	be	effective,	a	biodiversity	monitoring	strategy	has	to	overcome	




estimates	 of	 biodiversity	 turnover	 reflecting	 both	 immigration	 and	
extinction,	often	 in	a	 closed	 range	of	values	 (e.g.	between	0	and	1	




Gotelli,	 et	al.	 (2014)	 showed	 that	 there	 was	 little	 signal	 in	 the	 di-
rectional	 change	 in	 species	 richness	 through	 time,	 they	 found	high	






















where Simm	 is	the	number	of	species	 immigrating	 (newly	recorded	in	
the	later	sample),	Sext	is	the	number	of	species	extinct	(lost	from	the	
previous	sample)	and	Stot	 is	 the	total	number	of	species	across	both	



































The	 utility	 of	 turnover	 approaches	 resides	 in	 the	 quantification	
of	gross	changes	in	biological	composition.	The	interpretation	of	the	






















initially	 rare	 species	 (cf.	Appendix	 S2)	 leads	 to	 large	 SERr	 but	 small	
SERa	values	(scenario	d).	The	complementary	information	provided	by	
the	SER	metrics	is	loosely	similar	to	the	decomposition	of	the	Bray–







2  | MATERIALS AND METHODS











































































to	 avoid	 blurring	 temporal	 trends	 by	 seasonal	 dynamics.	 Moreover,	


























change	 in	 richness	 to	 all	 following	 years	 and	 compared	 this	 to	 the	
quantification	of	the	number	of	newly	recorded	species	(immigrations)	
and	lost	species	(local	extinctions).	This	analysis	allowed	a	visualisation	
of	 the	gross	 (immigrations,	 extinctions)	 and	net	 change	 (richness)	 in	
species	composition.
Third,	we	calculated	both	turnover	metrics	 (SERa	and	SERr)	 from	










the	 temporal	 distance	 between	 two	 samples.	 Thus,	 each	 pair-	wise	














Samples	 for	 marine	 phytoplankton	 were	 taken	 monthly-	bimonthly	
in	Dutch	coastal	waters	at	various	monitoring	stations	by	the	Dutch	
General	 Directorate	 for	 Public	 Works	 and	 Water	 Management.	
We	 analysed	 data	 from	 the	 following	 locations:	 Rottumerplaat	
50	km	 (53°57′14″N,	 6°18′36″E),	 Noordwijk	 70	km	 (52°34′10″N,	
3°31′53″E),	 Walcheren	 70	km	 (51°57′25″N,	 2°40′45″E)	 and	 20	
km	 (51°39′31″N,	 3°13′14″E),	 and	 Hansweert	 Geul	 (51°26′10″N,	
4°00′51″E),	 over	 the	 period	 2000–2010.	 Integrated	 water	 column	
samples	 were	 taken	 from	 the	 upper	 mixed	 layer,	 fixed	 with	 0.5%	
















Samples	 for	 phytoplankton	 were	 collected	 from	 131	 lakes	 located	
within	the	state	of	Iowa	in	the	Midwestern	United	States.	Each	lake	
was	sampled	three	times	per	year,	 representing	early	summer,	mid-	
summer	 and	 late	 summer	 growth	 conditions,	 from	 2001	 to	 2010,	
excluding	a	sampling	hiatus	in	2008.	Phytoplankton	samples	were	col-
lected	 as	 integrated	water	 column	 samples	 from	 the	 surface	mixed	


















(referred	 to	as	 “grasslands”	 for	 simplicity)	 spanning	14	countries	on	
six	continents	sampled	for	a	maximum	of	8	years	 (2007–2015).	The	
dataset	thus	differs	from	the	others	in	the	spatial	extent	of	the	sam-










and	 spelling	 prior	 to	 inclusion	 in	 the	 dataset	 (Lind,	 2016).	 Further	
	details	on	these	data	are	available	(Borer	et	al.,	2014).
3  | RESULTS


























Across	 the	 datasets,	 complete	 or	 almost	 complete	 changes	 in	
species	 inventory	were	 observed	without	 being	 visible	 in	 changing	
species	 numbers	 (Figure	3).	 The	 relationship	 between	 the	 absolute	
change	in	richness	and	SERr	was	mostly	triangle-	shaped	(Figure	3a–c),	 












ness,	 the	SERa	varied	across	 the	entire	possible	 range	 from	minimal	
(0)	to	maximal	(1)	values.	Consequently,	the	compositional	shifts	were	
not	 restricted	 to	 rare	species,	but	affected	 the	dominance	structure	
at	 the	 same	 time.	 Comparing	 richness-	 and	 abundance-	based	 SERs	
suggested	 that	 a	 majority	 of	 the	 temporal	 comparisons	were	 char-





































fied	 if	 temporal	 trends	 in	 richness	are	used	 to	quantify	biodiversity	
change.	Empirically,	we	showed	that	the	relative	magnitude	of	rich-
ness	 change	 was	 orders	 of	 magnitude	 smaller	 than	 the	 actual	 oc-
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2012),	 whereas	 what	 is	 observed	 in	 local	 ecosystems	 is	 biodiversity	
change,	that	is,	the	loss	and	gain	of	species	identities	and	abundances.	




















this	 awareness,	 however,	 richness	 trends	 remain	 a	 standard	 tool	 for	
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Gotelli,	McGill,	&	Magurran,	2014;	Gonzalez	et	al.,	2016;	Vellend	et	al.,	
2017).	This	discussion	focused	mainly	on	issues	of	data	quality,	com-
pleteness	 and	 interpretation,	whereas	 here	we	emphasise	 that	more	
fundamentally,	 analysing	 trends	 in	 species	 richness	 can	only	 provide	
limited	knowledge	about	changes	in	biodiversity.
Although	 species	 turnover	 is	 a	much	more	 sensitive	measure	of	
biodiversity	change	(Dornelas,	Gotelli,	et	al.,	2014),	presence-	absence	
turnover	 indices	alone	are	 insufficient,	 as	 they—like	 richness	 itself—
depend	 on	 species	 pool	 size	 and	 detection	 probability	 of	 rare	 spe-
cies.	 Instead,	 we	 propose	 that	 combining	 a	 presence-	based	 and	 a	
dominance-	based	measure	of	turnover	(SERr	and	SERa)	allows	conclu-
sions	on	the	magnitude	of	co-	occurring	shifts	in	species	identity	and	
relative	 abundance	 from	 time	 series	 data	 (cf.	 Figure	1).	 For	 the	 two	
phytoplankton	datasets,	this	turnover	was	derived	at	the	aggregated	
level	 of	 annual	 occurrences,	 that	 is,	 phenological	 shifts	 in	 seasonal	
appearance	would	not	be	reflected	 in	our	SER	calculations.	Sample-	
based	 turnover	 within	 years	 would	 potentially	 lead	 to	 much	 larger	
biodiversity	change.	On	 the	basis	of	 this	 conservative	approach,	we	
observed	 a	 striking	 disconnection	 between	 compositional	 change,	
even	among	the	dominant	species	(cf.	SERa),	and	changes	in	richness.
At	 the	same	 time,	our	 results	were	congruent	with	 the	predom-
inantly	 neutral	 trends	 in	 richness	 revealed	 by	 other	 meta-	analyses	
(Dornelas,	Gotelli,	et	al.,	2014;	Elahi	et	al.,	2015;	Supp	&	Ernest,	2014;	
Vellend	 et	al.,	 2013).	 Our	 datasets	 comprised	 time	 frames	 roughly	





























The	 abundant	 literature	 on	 extinction	 debt	 has	 considered	 the	
consequences	 of	 delayed	 extinctions	 when	 environments	 change,	
especially	with	regard	to	landscape	fragmentation	(Ewers	&	Didham,	
2006;	 Isbell,	 Tilman,	 Polasky,	 &	 Loreau,	 2015;	 Tilman	 et	al.,	 1994).	
These	 studies	 have	 focused	 on	 a	 delay	 in	 the	 reduction	 in	 species	
richness,	as	 fragmentation	 is	considered	to	 increase	extinction	rates	
without	 necessarily	 altering	 immigration	 rates.	 This	 is	 analogous	 to	
MacArthur	and	Wilson’s	(1967)	Theory	of	Island	Biogeography,	which	
associated	habitat	size	with	extinction	and	distance	with	immigration.	













by	 assessing	 trends	 of	 local	 species	 richness.	 Previous	 criticisms	
(Cardinale,	 2014;	 Gonzalez	 et	al.,	 2016)	 of	 the	meta-	analyses	men-
tioned	above	(Dornelas,	Gotelli,	et	al.,	2014;	Elahi	et	al.,	2015;	Vellend	






cuss	 the	 implications	 of	 our	 results	 for	 the	 scientific	 assessment	 of	
consequences	of	biodiversity	change	and	the	appropriate	spatial	scale	
for	biodiversity	analysis,	as	well	as	for	monitoring	programmes.









facets	of	biodiversity;	 and	 (2)	 alternative	ways	of	manipulating	bio-
diversity	 (Tilman	&	Downing,	1994)	have	been	criticised	for	bearing	
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2012;	Hooper	 et	al.,	 2012),	 because	 biodiversity	 effects	 in	BEF	 ex-
periments	are	explicitly	discussed	in	the	context	of	species	identities	
(selection	effects)	and	species	differences	(complementarity	effects).	










4.2 | Spatial aspects of biodiversity change
In	 a	 commentary	 alongside	 Vellend’s	 article,	 Thomas	 (2013)	 sug-
gested	 that	 stable	 local	 richness	 is	 the	 consequence	 of	 declining	
global	and	increasing	regional	species	richness	(see	also	Sax	&	Gaines,	
2003).	 Numerous	 indicators	 of	 global	 biodiversity	 (e.g.	 number	 of	
extinct	or	endangered	 species,	 relative	abundance	of	 species	 com-
pared	to	pre-	human	conditions)	indeed	show	a	continuous	deteriora-
tion	(Butchart	et	al.,	2010;	Tittensor	et	al.,	2014),	but	the	suggested	
increase	 in	 regional	species	 richness	 reflects	complex	distributional	






expansion	 compared	 to	 range	 contraction	 leading	 to	 broadened	
latitudinal	 (Poloczanska	et	al.,	2013)	or	altitudinal	ranges	 (Morueta-	





regional	 and	 local	 biodiversity	 is	 a	 reduction	 in	 spatial	 biodiversity	
(beta-	diversity),	 that	 is,	 biotic	 homogenisation	 (Karp	 et	al.,	 2012;	
McKinney	&	Lockwood,	1999;	Olden	&	Rooney,	2006;	Van	der	Plas	










in	 metacommunities.	 The	 relative	 role	 of	 immigration—extinction	
dynamics	vs	dominance	shifts	of	persisting	species	may	thus	depend	
on	the	availability	of	additional	species	 in	the	surrounding	region:	 In	
a	 completely	 homogenised	 landscape,	 dispersal	 into	 a	 habitat	 with	
changing	quality	is	low	and	the	adaptation	of	species	composition	to	
new	conditions	will	be	impaired.
4.3 | Species richness trends in a monitoring context
While	 it	 is	 clear	 that	 documenting	 and	 understanding	 biodiversity	
change	 is	 critical	 for	 global	 and	 regional	 assessments,	 there	 is	 little	
agreement	on	how	 to	monitor	 and	quantify	 such	 change	 (Buckland	
et	al.,	2005;	Hill	et	al.,	2016;	Proença	et	al.,	2016;	Vačkář	et	al.,	2012).	
The	 limited	usefulness	of	species	richness	for	monitoring	the	status	
and	trends	of	biodiversity	 is	already	reflected	by	 the	many	calls	 for	
development	 of	 multiple	 indicators	 of	 biodiversity	 status	 (Pereira	







yet	 in	 spite	of	 this,	 considerable	gaps	 remain	 (Butchart	et	al.,	2010;	
Mace	&	Baillie,	 2007;	McOwen	 et	al.,	 2016).	 Furthermore,	most	 of	













entire	 ecological	 communities,	 thus	more	 closely	mapping	 the	 indi-
cator	onto	 targeted	outcomes	 (Collen	&	Nicholson,	2014).	 It	 should	
be	noted	though,	that	the	actual	turnover	values	are	system-	specific,	
depending,	for	example,	on	species	pool	size	and	sampling	frequency,	
and	 cannot	 be	 interpreted	 as	 absolute	 values,	 that	 is,	 SERr	=	0.5	





(Figure	1),	 which	 informs	 more	 integrated	 assessments	 of	 biodiver-




(Truchy,	Angeler,	 Sponseller,	 Johnson,	 &	McKie,	 2015;	 Urban	 et	al.,	
2016)	and	thus	the	type	of	information	needed	to	make	management	
decisions	(Tittensor	et	al.,	2014).
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The	 second	 recommendation	 is	 to	 monitor	 temporal	 biodiver-
sity	change	 in	an	explicit	spatial	context,	as	temporal	turnover	 is	af-
fected	 by	 spatial	 aspects	 of	 immigration	 and	 extinction.	 Temporal	
species	turnover	is	conceptually	closely	linked	to	spatial	dissimilarity	
(beta-	diversity),	 and	 combining	 these	metrics	 of	 difference	 in	 biodi-
versity	assessments	 is	a	mandatory	 link	 to	biodiversity	conservation	
(McKnight	et	al.,	2007;	Socolar,	Gilroy,	Kunin,	&	Edwards,	2016).	Still,	
existing	monitoring	programmes,	often	constrained	by	funding	issues	
and	policy	 requirements,	 tend	 to	 focus	 on	 infrequent	 (down	 to	 sin-
gle)	assessments	in	an	extended	spatial	grid	or	frequent	assessments	
on	few	(down	to	single)	locations.	The	empirical	evidence	for	massive	
compositional	 turnover	 and	 the	 theoretical	 indication	 of	 the	 impor-
tance	of	spatial	dynamics	for	this	temporal	turnover	 (and	vice	versa)	
mandate	the	establishment	of	monitoring	assessments	over	time	and	
space,	 exemplified	 by	 some	 national	 biodiversity	 monitoring	 pro-
grammes	 (BDM	Coordination	Office,	2014;	Fölster,	Johnson,	Futter,	
&	Wilander,	2014).
A	 third	 recommendation,	 although	not	 easily	met	 in	 the	 face	of	








(cf.	 Figure	4).	 Because	 biodiversity	 monitoring	 requires	 specialised	
knowledge	and	 is	often	 time-	intensive,	 such	a	 long-	term	memory	 is	
less	easily	achieved	in	biodiversity	monitoring	than	in	other	monitoring	
programmes	 focusing	on	 abiotic	 parameters.	While	we	have	 abiotic	




1995),	 most	 biodiversity	 time	 series	 are	 much	 shorter.	 In	 addition,	
these	biological	 data	 series	 suffer	 from	 issues	of	 changing	 sampling	
effort,	 taxonomic	resolution	and	expertise,	which	require	backtrack-











through	 the	 projects	 BEFmate	 and	 MarBAS.	 J.M.C.,	 W.S.H.	 and	
















W.S.H.,	 D.H.,	 S.L.,	 A.M.L.,	 A.B.R.,	 E.W.S.	 and	 D.B.V.	 developed	 the	
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